Influence of prosthesis type and material on the stress distribution in bone around implants: A 3-dimensional finite element analysis  by Meriç, Gökçe et al.
Journal of Dental Sciences (2011) 6, 25e32ava i lab le at www.sc iencedi rec t .com
journal homepage : www.e- jds .comOriginal Article
Influence of prosthesis type and material on the
stress distribution in bone around implants:
A 3-dimensional finite element analysisGo¨kc¸e Meric¸ 1*, Erkan Erkmen 2, Ahmet Kurt 3, Yahya Tunc¸ 3, Atılım Eser 41Near East University, Faculty of Dentistry, Department of Prosthetic Dentistry, Nicosia, Mersin, Turkey
2Gazi University, Faculty of Dentistry, Department of Oral and Maxillofacial Surgery, Ankara, Turkey
3Atılım University, Faculty of Engineering, Department of Manufacturing Engineering, Ankara, Turkey
4Aachen University, Institute for Materials Applications in Medical Engineering, Aachen, Germany
Received 31 October 2010; accepted 2 February 2011
Available online 21 March 2011KEYWORDS
biomechanics;
cantilever;
fiber-reinforced
composite;
implant;
prosthesis* Corresponding author. Near East U
Mersin-10, Turkey. Tel.: þ90 533 8426
E-mail address: gokcemeric@yahoo
1991-7902/$36 Copyrightª 2011, Assoc
doi:10.1016/j.jds.2011.02.005Abstract Background/purpose: The design and materials of a prosthesis affect the loading of
dental implants and deformation of the bone. The aim of the study was to evaluate the effects
of prosthesis design and materials on the stress distribution of implant-supported prostheses.
Materials and methods: A 3-dimensional finite element analysis method was selected to eval-
uate the stress distribution in the bone. Three different models were designed as follows:
a 3-unit implant-supported fixed partial denture (FPD) composed of a metal framework and
porcelain veneer with (M2) or without a cantilevered extension (M1) and an FPD composed
of a fiber-reinforced composite (FRC) framework and a particulate composite veneer without
a cantilevered extension (M3). In separate load cases, 300-N vertical, 150-N oblique, and 60-N
horizontal forces were applied to the prostheses in the models. von Mises stress values in the
cortical and cancellous bone were calculated.
Results: In cortical bone, the highest von Mises stresses were noted in the M2 Model with
a vertical load; whereas, higher stresses were observed in the M1 Model with horizontal and
oblique loads. The lowest stress values were determined in the M3 Model for all loading condi-
tions. In cancellous bone, decreased stress values were found with all 3 models under the
applied loads.
Conclusions: Prosthesis design and materials affect the load-transmission mechanism.
Although additional experimental and clinical studies are needed, FRC FPDs can be considered
a suitable alternative treatment choice for implant-supported prostheses. Within theniversity, Faculty of Dentistry, Department of Prosthetic Dentistry, Near East Boulevard, Nicosia,
443; fax: þ90 392 6802025.
.com (G. Meric¸).
iation for Dental Sciences of the Republic of China. Published by Elsevier Taiwan LLC. All rights reserved.
26 G. Meric¸ et allimitations of the study, the 3-unit FPD supported by 2 implants with a cantilevered extension
revealed acceptable stress distributions.
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by Elsevier Taiwan LLC. All rights reserved.Figure 1 3D finite element model of the 3 models. (A) M1
Model. (B) M2 Model. (C) M3 Model.Introduction
The clinical success of osseointegrated implants is largely
influenced by the manner in which mechanical stresses are
transferred from the implant to the surrounding bone. The
selection of prosthesis designs and materials is critical for
the longevity and stability of implant prostheses.1,2
In the conventional design of implant-supported 3-unit
fixed partial dentures (FPDs), implants are placed at each
end of the denture for biomechanical reasons. It was found
that stresses in the bone created by FPDs with a central
pontic were less than those seen in the bone created by
cantilevered FPDs.3 However, to use 2 implants at each end
of an edentulous area to support FPDs is not possible in
some situations such as with bone deficiencies and/or in the
presence of anatomical structures in areas where implants
have to be ideally (prosthetically) placed. In such a clinical
situation, an FPD can be designed with a distal cantilever to
replace the missing teeth.4 The incorporation of cantilev-
ered extensions in implant-supported FPDs may result in
unfavorable loading conditions and the occurrence of
undue stress concentrations at implant sites.5
Prostheses on dental implants commonly consist of
a metal framework veneered with a ceramic facing. An in
vitro experiment suggested that under conditions of impact
loading, an acrylic resin- and reinforced composite resin-
veneered metal framework of a prosthesis allowed the
formation of low stress levels in the bone around the
implant.6 However, clinically, when acrylic or composite
resin is used on the occlusal surface, many complications
were reported during the implant follow-up period such as
wear and fractures.3
Fiber-reinforced composites (FRCs) for implant-sup-
ported fixed prostheses were suggested due to their supe-
rior esthetics, chemical durability, biocompatibility, and
biomechanical advantages.7,8 FRC prostheses have
a framework composed of fiber bundles pre-impregnated
with a resin matrix and a veneered composite that covers
the FRC framework.9
Stress distributions in the bone correlated with implant-
supported prosthesis designs were mainly investigated by
means of 2- (2D) and 3-dimensional (3D) finite element (FE)
analyses (FEAs).10 Studies comparing the accuracy of these
analyses found that if detailed stress information is
required, then 3D modeling is necessary.11
Theoretically, there are an infinite number of possible
prosthesis designs and material variations. Prostheses
should be designed to avoid high stress concentrations in
the supporting bone. High stress concentrations are a sus-
pected etiological factor in the loss of osseointegration and
mechanical complications such as fractures of the frame-
work, abutment screws, and restorative material.1
In this study, a 3D FEA was conducted to compare stress
distributions in an edentulous area restored with differenttypes of 3-unit prostheses supported by freestanding
implants.
Materials and methods
Model design and FE model generation
Three different models were designed as follows.
Model 1 (M1) consisted of implants supporting a conven-
tionally fashioned 3-unit FPD composed of a metal frame-
work and porcelain veneer (Fig. 1A). Model 2 (M2) consisted
of implants supporting a cantilevered 3-unit FPD composed
Table 1 Mechanical properties of the materials used in
the study.
Material Young’s
modulus
(GPa)
Poisson
ratio
Shear modulus
(GPa)
Cortical bone 14.8 0.30
Stress distribution around implants 27of a metal framework and porcelain veneer (Fig. 1B). Model
3 (M3) consisted of implants supporting a conventionally
fashioned 3-unit FPD composed of an FRC framework and
particulate composite veneer (Fig. 1C).
Mandibular segments with implants embedded in the
first and second premolar sites for M2 and first premolar and
first molar sites for M1 and M3 were modeled. The bone was
modeled as a cancellous core surrounded by a 2.0-mm-thick
cortical layer. Serial axial sections at every 0.5-mm level of
an edentulous mandible were obtained with a New Tom
3 G (QR, Verona, Italy) cone-beam computed tomographic
(CBCT) imaging system. CBCT images were stored using
DICOM 3.0 in a medical image file format and imported into
Maxilim Software (Medicim Co., Mechelen, Belgium) vers.
2.2.2 3D medical image processing software. The 3D image
of the mandible was imported in .stl file format into MSC
Mentat (MSC Software Corp., Santa Ana, CA, USA) vers.
2005 for pre-processing and modeling.
In the present study, a model of a 14.0-mm-long and 4.1-
mm-diameter solid-screw bone-level ITI implant (ITI,
Straumann AG, Waldenburg, Switzerland) and cementable
abutment r. (RC) were selected. The geometric features
of the implants and abutments were modeled according to
engineering drawings using MSC Mentat.
In the first and second models (M1 and M2), cobalte
chromium (Bego, Bremen, Germany) was used for the
framework and feldspathic porcelain was used for the
veneer material. The thickness of the metal framework was
0.5 mm, and the veneering material varied 0.8e1.5 mm in
thickness from the cervical to the occlusal surface. The
cement thickness was ignored.
In the third model (M3), an anisotropic, continuous,
unidirectional E-glass FRC (Ever Stick, StickTech, Turku,
Finland) was selected to construct the framework of the
FPD. The design of the fiber-reinforced implant prosthesis
was obtained from the literature.8 A combination fiber and
hybrid composite coping was made to fit over the metal
abutment. The veneer was made of an isotropic veneering
hybrid composite (Estenia, Kuraray; Tokyo, Japan). The
composite coping was prepared with horizontal grooves on
the facial and lingual surfaces and vertical boxes on the
proximal surfaces that allow for adaptation of the unidi-
rectional FRC material. The thickness of the coping used in
this study was 0.5 mm, and the thickness of the luting
composite was ignored. Strips of FRC were placed in prox-
imal boxes of the coping, on the buccal and lingual
surfaces, and wrapped around the copings. An additional
layer was placed perpendicular to the previous layers of
FRC. The hybrid composite veneering material varied
0.8e1.5 mm in thickness from the cervical to the occlusal
area and was placed over the framework to cover the entire
contour of the prosthesis.
All models used in the study were derived from the same
solid model, which means that mesh orientations and
distributions were the same for all models.Cancellous bone 1.85 0.30
Titanium 110 0.32
Hybrid composite 22 0.27
FRC longitudinal (X) 46 0.39 16.5
FRC transverse (Y) 7 0.29 2.7
FRC transverse (Z) 7 0.29 2.7Material properties and boundary conditions
All materials except the FRC used in the models were
considered to be isotropic, homogeneous, and linearly
elastic. Only the FRC framework model was assumed to beanisotropic. The elastic properties of the materials used in
the models were taken from the literature, as shown in
Table 1.12,13
To simulate ideal osseointegration, ideal implant preload,
and prosthetic fixation, implants in the bone and all related
bodies such as abutments, frameworks, and veneering layers
were assumed to be perfectly bonded together through the
contact surfaces with no relative movement along their
entire interfaces. Thus, no friction coefficient was needed.
FE model verification and validation
All of the final solid meshes were constituted by tetrahedral
elements with 4 nodes using MSC MARC (MSC Software
Corp.). Because there are no appropriate experimental
results in the literature to which to compare our results to
validate the FE model, 6 different models for each pros-
thetic system with a variable number of elements were
compared, and the convergence of the results was exam-
ined using the results of von Mises stresses in cortical bone
under a vertical loading condition. In the present study,
mandible segment convergence tests with mesh refine-
ments were performed. von Mises stresses in the cortical
bone were used to monitor convergence, and a tolerance of
1% was used. Changes of <1% in the von Mises stresses in
cortical bone indicated convergence. The results and the
number of elements are shown in Fig. 2. Models (3D) in the
present study consisted of 230,117 elements and 44,199
nodes for the M1 Model, 250,166 elements and 47,736 nodes
for the M2 Model, and 265,365 elements and 50,252 nodes
for the M3 Model.
Constraints and loads
Models were constrained in all directions at the nodes on
the mesial and distal bone surfaces. An average biting force
of 300 N was determined from the current literature.14
Thus, in the present study, a total vertical force of 300 N
was distributed over the entire occlusal surface of the
superstructure. To simulate an oblique loading condition,
a total oblique static load of 150 N was applied to the
buccal cusps of each crown with an inclination of 60
buccally from the vertical. Static loads of 60 N were hori-
zontally applied in the mesiodistal direction to mimic the
parafunctional movement of the jaw.
Figure 2 von Mises stress values for a vertical load on the
cortical bone with a variable number of elements for conver-
gence and variation error among all models.
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lous bone were calculated and evaluated in all models
under 3 loading conditions.Results
The von Mises stress values in the bone for the different
load cases are shown in Fig. 3. A color scale with 12 stress
values served to quantitatively measure the stress distri-
bution in the model components. The scaling was selected
not to represent the yield strength but rather to provide
a clear visualization of the region of stress. Regardless of
the model and load direction, the highest stress was
concentrated around the implant neck.
Stress values in both the cortical and cancellous bone
with a vertical load decreased in the following order: M2,
M1, and M3, whereas under horizontal and oblique loads,Figure 3 Highest von Mises stress values recstress values in M1 were high and comparable to those in
M2, and were much higher than those in M3.
Under all loads, the stress distribution patterns in the
cortical bone were similar in M1 and M3, but the values
differed. In M2, stresses tended to be concentrated at the
cortical bone on the distolingual aspect of the distal
implant under all 3 loading conditions (Figs. 4A and 5). The
highest von Mises stress values were noted in the M2 Model
with a vertical loading condition circumferentially more
distally and distolingually around the distal implant neck
(Fig. 6A). In the M1 and M3 Models, the resultant stresses
were concentrated adjacent to the mesial implant neck
mesiolingually and more lingually with vertical and hori-
zontal loads. Moreover, distal implant necks were less
affected than were the mesial ones, and the stress distri-
bution occurred distolingually around the distal implant
neck (Figs. 4B, 4C, 6B and 6C). With an oblique load in the
M2 Model, the stress was concentrated in the mesial
implant neck buccomesially and in the distal implant neck
buccally and distally (Fig. 5).
The highest stress was found in the M2 Model with
a vertical load in the cancellous bone compared with M1
and M3, and the stresses were homogenously concentrated
around both implant necks (Fig. 7A). In all 3 load cases,
stress concentration patterns were similar to each other in
the M1 and M2 Models (Figs. 7A, 8A and 9). Stress concen-
trations in the M3 Model were determined on the lingual
aspect of both housings especially adjacent to the distal
implants with vertical, oblique, and horizontal loads (Figs.
7B and 8B).Discussion
Prosthesis materials and designs are the factors that most
greatly influence the stress distribution in the bone around
implants. In the present study, an FEA was used to evaluate
the stress transfer properties of implant-supported FPDs
prepared with different materials and designs.orded in the cortical and cancellous bone.
Figure 4 von Mises stress values and stress distribution
patterns recorded in the cortical bone with a horizontal load.
(A) In the M2 Model. (B) In the M1 Model. (C) In the M3 Model.
Figure 5 von Mises stress values and stress distribution
patterns recorded in the cortical bone with an oblique load in
the M2 Model.
Figure 6 von Mises stress values and stress distribution
patterns recorded in the cortical bone with a vertical load. (A)
In the M2 Model. (B) In the M1 Model. (C) In the M3 Model.
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cations were made for the material properties and model
generation. However, some assumptions greatly affect the
predictive accuracy of FEA models. In FEA models, bone is
frequently modeled as being isotropic, when in fact, it is
anisotropic.15 The properties of the materials modeled in
the study, particularly living tissues, however, differ. For
example, it is well known that the actual cortical bone of
the mandible is transversely isotropic and inhomoge-
neous.12 The components in the model were all assumed to
be homogenous, isotropic, and linearly elastic except the
FRC framework. Despite this, some histomorphometric
studies indicated that there is never a 100% bone-implant
interface.12 The implants were assumed to be 100%
Figure 7 von Mises stress values and stress distribution
patterns recorded in the cancellous bone with a vertical load.
(A) In the M2 Model. (B) In the M3 Model.
Figure 8 von Mises stress values and stress distribution
patterns recorded in the cancellous bone with a horizontal
load. (A) In the M1 Model. (B) In the M3 Model.
Figure 9 von Mises stress values and stress distribution
patterns recorded in the cancellous bone with an oblique load
in the M2 Model.
30 G. Meric¸ et alosseointegrated.15 Furthermore, in this study, the modeled
section of the mandible was composed of a cancellous core
surrounded by a homogenous 2-mm cortical layer. An actual
mandible has more-compact bone at the inferior border
and less-compact bone on the superior border. Therefore,
inherent limitations of the FEA must be acknowledged.16
Moreover, the FE model estimation should be compared
with parallel in vitro experimental results to validate the
simulated model. However, relative comparisons were
attempted rather than using absolute values for the models
in the present study. Hence only a convergence analysis was
achieved to validate our FE models.
There are no explicit guidelines in the literature, and
there are no suggestions regarding the kinds of stresses that
must be used in the calculations. Principle and von Mises
stresses are equally used.16 In each situation investigated,
the present study focused on the distribution and values of
the highest stress. Thus, the von Mises stress, which quan-
titatively estimates the stress of a point as a non-uniaxial
stress rate, was chosen to display the results of the
computations of both material combinations for the
superstructure and bone.17e19
Previous mechanical studies demonstrated that canti-
levered FPDs supported by dental implants could induce
excessive stress concentrations in the supporting alveolar
bone.3,20 In the present study under a vertical load, the
stress values evaluated in M2 were higher than those in M1;
however under horizontal and oblique loading, they werelower. Regardless of the implant design, the effects of the
prosthesis design on the stress distribution cannot be
overemphasized. It is believed that differences in implant
designs affect the force transfer characteristics of an
implant.21 Clinical studies showed the long-term success of
fixed cantilevered prostheses supported by dental implants
which were also evaluated in the present study.22
Three-unit cantilevered FPDs with a short-span length
were designed in this study. It was found that using 3-unit
cantilevered FPDs to replace a tooth better distributed the
occlusal forces than did 2-unit FPDs of a similar design.23 It
was also shown that short-span FPDs with cantilevered
Stress distribution around implants 31extensions represent a predictable treatment modality.
The observations made in the present study failed to
demonstrate a significant influence of the inclusion of
a cantilevered extension in implant-supported FPDs on
excessive stress concentrations in the supporting alveolar
bone under horizontal and oblique loads.
The increased stresses in the M2 Model under a vertical
load can be explained by the biomechanical properties of
the cantilevered prosthesis. It was reported that in canti-
levered prostheses, when a vertical load is applied on
cantilevered FPDs, the most-distal implants represent
a fulcrum, thus creating a class I lever system, which
dramatically alters the magnitudes of the forces.24,25
Studies demonstrated that stress values in the bone
depend on both the framework and veneer materials. When
findings from this study were analyzed, it was seen that the
stress levels in the bone around the implants were lower in
the models that used the FRC and particulate composite
compared with those with a metal framework and porcelain
veneer. To the authors’ knowledge, the effects of an FRC
framework and composite veneer materials on stress
distributions of implant-retained FPDs in the bone around
the implants have not previously been evaluated. However,
several authors evaluated the effects of different veneer
materials of FPDs with a metal framework on the stresses
transferred to the supporting bone. According to those
authors, when resin is used as a veneer material, it absorbs
shocks, and thus reduces stresses on the implant-supporting
osseous structures.6,26,27 However, deficient mechanical
properties of resins under occlusal forces were also repor-
ted.28 Laboratory studies showed that FRC materials exhibit
flexure strengths that are greater than or comparable to
metal alloys.29 Behr et al.7 evaluated the fracture strength
of glass FRC FPDs on dental implants and found that it was
almost 3-times higher than the maximum chewing force
measured in young patients with natural dentition
(400 N).30 Therefore FRC prostheses evaluated in the
present study may be a good alternative compared with
conventional metal FPDs for implant-supported prosthesis
in the future due to their biomechanical advantages.
The maximum equivalent stresses in cancellous bone
were considerably lower than those found in cortical bone.
This result agreed with a previous FEA study.31 The higher
stress-transferring ability of the cortical bone, because of
its higher modulus of elasticity compared with cancellous
bone may be responsible for this phenomenon.References
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